Diet-induced obesity (DIO) decreases the number of OMP+ olfactory sensory neurons (OSN) in the olfactory epithelium by 25% and reduces correlate axonal projections to the olfactory bulb (OB). Whether surviving OSNs have equivalent odor responsivity is largely unknown. Herein, we utilized c-fos immediate-early gene expression to map neuronal activity and determine whether mice weaned to control (CF), moderately-high fat (MHF), or high-fat (HF) diet for a period of 6 months had changes in odor activation. Diet-challenged M72-IRES-tau-GFP mice were exposed to either a preferred M72 (Olfr160) ligand, isopropyl tiglate, or clean air in a custom-made Bell-jar infusion chamber using an alternating odor exposure pattern generated by a picosprizer™. Mice maintained on fatty diets weighed significantly more and cleared glucose less efficiently as determined by an intraperitoneal glucose tolerance test (IPGTT). The number of juxtaglomerular cells (JGs) decreased following maintenance of the mice on the MHF diet for cells surrounding the medial but not lateral M72 glomerulus within a 4 cell-column distance. The percentage of cfos + JGs surrounding the lateral M72 glomerulus decreased in fat-challenged mice whereas those surrounding the medial glomerulus were not affected by diet. Altogether, these results show an asymmetry in the responsiveness of the 'mirror image' glomerular map for the M72 receptor that shows greater sensitivity of the lateral vs. medial glomerulus upon exposure to fatty diet.
Introduction
The incidence of diet-induced obesity (DIO) has risen across the globe in the past thirty years (Moyer 2012; Ogden et al. 2014) and is attributed to lack of exercise and poor diet. It is one of the main contributors to preventable diseases worldwide. Currently in the United States, 30% of the population is considered obese with a body mass index (BMI) greater than 30 kg/m 2 and 1 in 20 individuals are morbidly obese (BMI > 40 kg/m 2 ) (Ogden et al. 2014) . All organ systems of the body are affected by DIO, including the brain and peripheral nervous system, which are particularly vulnerable to metabolic dysfunction. Changes in brain volume and cognition can occur in response to brain injury induced by obesity (Bruce-Keller et al. 2009 ). The operation of our sensory systems thereby, is also affected by metabolic state, energy imbalance, or disruption of endocrine hormones that commonly accompany DIO (Fadool et al. 2011; Tucker et al. 2012; Ogden et al. 2014; Thiebaud et al. 2014) . Olfaction is one of the major modalities that contributes to hedonic evaluation of food, resulting in food choice and possible consumption (Yeomans 2006) . It is not surprising that changes in olfactory function incurred by energy imbalance may act as a positive feedback loop to drive further dysregulation of olfactory perception in individuals with DIO (Palouzier-Paulignan et al. 2012; Tucker et al. 2012; Thiebaud et al. 2014) .
We have previously demonstrated that mice made obese through maintenance on modified fatty diets had reduced olfactory perception, poor olfactory learning, diminished neuronal excitability of the olfactory bulb, and lesser survival of olfactory sensory neurons (OSNs) and their concomitant axonal projections (Fadool et al. 2011; Tucker et al. 2013; Thiebaud et al. 2014) . While mice with DIO are not anosmic, they do exhibit failed detection of certain food odorants (Tucker et al. 2013 ) and have a reduced electroolfactogram (EOG) amplitude in response to an odorant dose-response curve (Thiebaud et al. 2014) . The loss of EOG amplitude implicated a reduced contribution from M72-expressing OSNs, which were histologically examined to be markedly reduced in mice maintained on either a moderately-high (32% fat) or high-fat (60%) chow diet (Thiebaud et al. 2014) . A reduction in olfactory marker protein positive (OMP+) neurons as well as a reduced expression of G protein olfactory (G olf ) and another odorant receptor, MOR28 (Olfr1507), implicated a loss of OSNs beyond that of M72 (Olfr160). There was a 25% loss of OSNs throughout the endoturbinate IIb, however, the specifics of how DIO might differentially impact OR classes or defined glomeruli is unknown.
DIO causes a loss of OSNs but a more refined understanding of the functionality of the surviving neurons or the mechanism regulating the loss of DIO-sensitive neurons has not been explored. Interestingly, we observed that DIO induces OSN apoptosis yet simultaneously enhances basal cell proliferation in the main olfactory epithelium (MOE) with accompanying microglial inflammation (Thiebaud et al. 2014) . Mice maintained on a fatty diet for six months that have a reduced ability to clear glucose have a reduced ability to discriminate simple odorant pairs in a go no-go operant conditioning paradigm and have a complete inability to reversal learn (Thiebaud et al. 2014 ). Sibling studies, in which mice are reared to high-fat diets and then switched to control diets until their body weight and fasting glucose level reached that of their control fed siblings, revealed that Bdieted^mice failed to regenerate axonal projections to genetically-defined glomeruli (Thiebaud et al. 2014) . Because these mice also did not regain normal odorant discrimination ability, we questioned whether the OSNs that survived following the induction of DIO, yielded typical activation of olfactory circuits. In this study, we exposed obese mice to a preferred odor ligand for the M72 odorant receptor and quantified immediate-early gene activation (c-fos) within the remaining M72-OSN circuits compared with those of off-target glomeruli that are not typically responsive to this M72 odor ligand.
Patterned glomerular activity maps are central to odorant quality coding (Ressler et al. 1994; Vassar et al. 1994; Mombaerts et al. 1996; Takahashi et al. 2004; Murthy 2011; Ma et al. 2012 ). The glomerulus is comprised of axons of the OSNs, dendrites of the mitral/tufted cells (M/T), and dendrites of the periglomerular (PG) cells. Surrounding the glomeruli are two major types of interneurons, granule and periglomerular cells (Arruda et al. 2013) , the latter of which have somata directly circumscribing the glomerulus, hence the traditional derivation of their name -periglomerular cells (Pinching and Powell 1971) . Juxtaglomerular (JG) lamina, or JG cells, have become the more modern term for cells surrounding the glomerulus, and the lamina has been categorized into three morphologically distinct neuronal classes, periglomerular (PG) cells, superficial short-axon cells (sSA), and external tufted (ET) cells (Nagayama et al. 2014) . These neurons play critical roles in synaptic integration and odor processing where they coordinate the activity of the principal excitatory neurons of the olfactory bulb; the mitral cells (Nagayama et al. 2014 ). The periglomerular cells, which make up the largest percentage of the JG cells, exert their integration of olfactory information by forming reciprocal dendrodendritic synapses with the dendrites of the mitral cells (Pinching and Powell 1971) .
In this current study, we examined c-fos positive (c-fos+) JG cells in M72-IRES-tauGFP mice as an indication of OSN circuit activation (Loch et al. 2015) surrounding the odorstimulated M72 glomerulus following the induction of DIO in mice. In this mouse model, M72-expressing OSNs project their axons to two glomeruli per olfactory bulb, one medially and one laterally. We hypothesized that there should be a concomitant loss in JG cells following DIO given the known loss in glomerular size and OSN abundance (Thiebaud et al. 2014) , and that activation of the JG neurons surrounding the stimulated glomerulus, not lost to obesity, would show less immediate-early gene activation. OSNs residing in the nasal septum generally innervate medial glomeruli whereas those residing in the turbinates innervate lateral glomeruli, therefore, we also explored whether these two populations of synaptic targets were differentially sensitive to the effects of DIO.
Materials and methods

Solutions and antibodies
Phosphate-buffered saline (PBS) was prepared as described in Tucker and Fadool (2002) . Blocking solution (BS) consisted of: 0.3% Triton X-100 in PBS containing 2% bovine serum albumin (BSA; Fraction V, #85040C, Sigma Chemical, St. Louis, MO). The odorant molecule, isopropyl tiglate (C 8 H 14 O 2; W322903), was purchased from Sigma Chemical. All salts and other reagents were purchased from Sigma Chemical or Fisher Scientific (Atlanta, GA).
c-Fos polyclonal antibody (sc-52-G, Santa Cruz Biotechnology, Dallas, TX) was derived in goat, generated against a peptide targeted to a c-terminal epitope of the human sequence. It was applied at 1:400 in blocking solution as per manufacturer's directions. Specificity controls included Western blot of purified protein (Santa Cruz technical sheet) and application to an array of brain tissues by immunocytochemical methods, for example (Varga et al. 2015) including that of the olfactory bulb by Loch et al. 2015 . Polyclonal antisera effective in detergent-solubilized membrane fractions and histological sections for recognizing mMOR28 (Barnea et al. 2004 ) were a generous gift from Dr. Richard Axel (Columbia University, New York, NY). Later aliquots could be purchased from Fisher Scientific (cat 05R00212W). α-mMOR28 antisera were generated against two unique epitopes, one in the extracellular domain (residues 167-182) and another in the C-terminal tail domain (residues 302-313). These antisera were previously fully characterized by the Axel laboratory (see online supplemental data in Barnea et al. 2004) . Specificity controls for α-mMOR28 included complete overlapping patterns with those generated by β-galactosidase staining using MOR28-IRES-tau-LacZ mice. Lack of antibody staining was also confirmed in isolated membrane fractions of adult main olfactory epithelium (MOE) in mice with a gene-targeted deletion of MOR28.
Species-specific secondary antisera in this study were applied at 1:200 in BS and included: Alexa 546 Fluoro donkey anti-goat (A11056; Invitrogen/Thermo Fisher Scientific, Atlanta, GA) and Alexa 647 Fluoro F(ab')2 Fragment donkey anti-rabbit (711-606-152; Jackson Immunoresearch Laboratories, Chester County, PA).
Animals and diet
M72-IRES-tauGFP mice (agouti background strain) were generated previously via placement of an internal ribosome entry site (IRES) directing the translation of tau:gfp fusion protein immediately downstream from the M72 (Olfr160) odorant receptor stop codon. These mice were a generous gift from Dr. Peter Mombaerts (Max Plank Institute, Frankfort, Germany) . The M72-IRES-tauGFP mice were bred with C57BL6/J (Mus musculus, Jackson Laboratories, Bar Harbor, ME) to generate homozygous knockin of the M72 odorant receptor on a mixed agouti/C57BL6/J background. We generated this mixed background in the mice because it was known that C57BL6/J mice were sensitive to dietaryinduced changes in olfactory structure, behavioral function, and biophysical properties of their OB neurons (Fadool et al. 2011; Tucker et al. 2012; Thiebaud et al. 2014) . The agouti mutation (Avy) can act as an antagonist to the MC4R receptor (Moussa and Claycombe 1999) , which we previously studied in MC4R−/− mice as a model of genetic-induced obesity (Tucker et al. 2008; Thiebaud et al. 2014) . Following outcrossing, we did not observe this type of Avy phenotype (early onset of type II diabetes, hyperphagic, and obese by 2 months of age) in our mixed background mice. All mice were housed in the Florida State University vivarium and were maintained on a 12 h/12 h light-dark cycle and in accordance with institutional requirements for animal care. Mice were individually housed in conventional-style rodent cages containing separate water and food that could be obtained ab libitum. Cage design has been reported to affect bulbar development (Oliva et al. 2010) . Cage tops were not outfitted with HEPA filtration or individual ventilation (IVC), but room air circulation was standardized at 19 changes/h, and soiled litter was replaced once or twice weekly.
Experiments used male mice that we have previously demonstrated respond to diet-induced obesity (Tucker et al. 2008 ). Mice were weaned to control or fatty diets at postnatal 23 and maintained on that diet for 6 months. Control food (CF) was comprised of 13.5% kcal fat, 59.81% kcal carbohydrate, and 28.05% kcal protein (Purina 5001 Rodent Chow, St. Louis, MO). Moderately high-fat (MHF) diet was comprised of 31.8% kcal fat, 51.4% kcal carbohydrate, and 16.8% kcal protein (Catalog No. D12266B, Research Diets, New Brunswick, NJ). High-fat (HF) diet was comprised of 60% kcal fat, 20% kcal carbohydrate, and 20% kcal protein (Catalog No. D12492, Research Diets).
Vertebrate animal protocol and anesthesia
All animal procedures were reviewed and approved by FSU Laboratory Animal Resources (Protocols #1427/#1733) that abided by AVMA-approved methods. In preparation for histology, mice were anesthetized by intraperitoneal (i.p.) injection of ketamine (100 mg/kg; Henry Schein Animal Health, Dublin, OH) and xylazine (10 mg/kg; Akorn Animal Health, Lake Forest, IL). This dose of anesthesia was approved as non-survival. The level of anesthesia prior to perfusion was secondarily confirmed by toe pinch and absence of an ocular reflex. Each mouse was intracardially perfused with 1× phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA), prior to decapitation.
Intraperitoneal glucose tolerance test (IPGTT)
Following the 6-month dietary challenge, mice underwent an intraperitoneal glucose tolerance test (IPGTT) to assess their ability to clear glucose. Tail blood sampling from 13 h fasted animals (dark cycle) was used to determine initial fasting glucose levels using an Ascensia Contour Blood Glucose System (Bayer Healthcare, Whippany, NJ). Clearance of serum glucose over time (10, 20, 30, 60, 90 , and 120 min) was then monitored in response to 1 g/ml glucose per kg body weight (University of Virginia Vivarium Protocols, Susanna R. Keller). Glucose tolerance was then determined by integrating the area under the curve (iAUC) as previously (Thiebaud et al. 2014 ).
Odor exposure
Mice were maintained under Breverse light cycle^so that we could introduce them to the stimulation chamber 2 h following the onset of their dark cycle, or at 0900. Mice were placed in a custom-made stimulation chamber ( Fig. 1) (Westberry and Meredith 2003) to present the odor, isopropyl tiglate (C 8 H 14 O 2 ); a preferred ligand that activates the M72 odorant receptor (Soucy et al. 2009; Zhang et al. 2012) . The stimulation chamber consisted of a gasket-sealed, glass bell-jar connected to two intake valves that delivered either carboncleaned air or odorant-infused air in a cyclic pattern (Zhang et al. 2012) . A third exhaust valve allowed for removal of carbon dioxide. A constant flow of air was supplied from a compressed tank (40 psi; medical proof compressed air, Airgas, Tallahassee, FL), which was filtered through a carbon-containing flask prior to being introduced into the chamber as carbon-cleaned air. A second carbon-containing flask was used to filter the odorant, which was diluted 1:50 in mineral oil (Fisher Scientific). To minimize exposure and spurious c-fos activation by ambient odorants, animals were first exposed to carbon-cleaned air for 120 min (min) prior to odorant stimulation. The odor stimulation protocol consisted of 2 min odorant exposure and 5 min of carbon-cleaned air for a total of four cycles (Picospritzer II, Parker Hannifin, Cleveland, OH). Cyclic odor stimulation was used to avoid odor acclimation and desensitization (Zhang et al. 2012) . After all cycles were completed, mice remained in the chamber for 60 additional min to optimize immediate-early gene expression prior to sacrifice, as described above.
Immunocytochemistry
Following anesthesia and fix perfusion as above (Ethical statement), mice were decapitated and heads were post-fixed in 4% PFA/PBS for 1 day at 4°C. Heads were decalcified in 0.3 M EDTA for 48 h at 4°C. Both the nasal epithelium and olfactory bulbs were removed from the bone and cryoprotected by successive 10 and 30% sucrose in PBS at 4°C. Tissues were mounted in O.C.T. Compound (Tissue-Tek, Miles Diagnostic Division, Pittsburg, PA), sectioned at 16 μm with a LEICA model CM1850 cryostat (Leica Microsystems, Wetzlar, Germany), and transferred onto plus Superfrost slides (VWR International, Radnor, PA), which were stored at −20°C until use. Compressed air was alternatively directed (A1 vs. A2) so that mice could be stimulated with 4 rounds of alternating clean air (2 min) and odorexposed air (5 min) to avoid olfactory desensitization. Clean air was initially delivered to a picospritzer (B) that would drive a 2 min pulse through a carbon-containing flask (C), prior to being passed through an olfactometry bottle containing 10 ml of 2% isopropyl tiglate (D), and then finally introduced to the mouse stimulation chamber (F). The tank was then switched to A2 to allow passage of air through a separate carboncontaining flask (E) to introduce clean background air to the mouse stimulation chamber for 5 min. Air could be naturally exhausted from the mouse stimulation chamber (4 L Bell Jar) using an output valve (F). To prevent background odorants from interfering with c-fos baseline stimulation, mice were placed in the stimulation chamber two hours prior to the cyclic delivery of clean/odorized air and received clean air for this duration (A2). Likewise, following the cyclic delivery of clean/odorized air, mice remained in the chamber for one hour to allow c-fos expression to plateau prior to sacrifice Frozen sections were prepared for labelling with c-fos antibody by air drying for 30 min and then rinsing in PBS for 10 min at room temperature (rt). Sections were incubated overnight at 4°C in the primary antibody diluted in blocking solution, rinsed in PBS to wash unbound antibody, and then incubated for 2 h at rt in species-specific secondary antibody. Secondary antibody was removed by rinsing in PBS and nuclei were stained with 1 μg/mL 4′,6-diamidino-2′-phenylindole dihydrochloride (DAPI) (1:15,000; Sigma Chemical) for 10 min at rt. prior to mounting with Fluoromount (Southern Biotech, Birmingham, AL). Sections were viewed and images acquired at 40X magnification using an EVOS FL color system (Model AMF4C3000, Life Science, Calsbad, CA).
Quantitative analysis
Images were imported into Adobe Photoshop CS (San Jose, CA), where image brightness and contrast were adjusted for maximum clarity. Cell counting and glomerular volume measurement was performed according to the quantitative analyses described by Oliva et al. 2008 . As such, data from not more than two glomeruli were collected per mouse (one lateral and one medial). Whether the left or right OB was measured for a mouse was randomized. For each mouse, a total of ten, 16 μm sections were tabulated for each lateral or medial glomerulus. Mice that had any missing sections were not used in the analysis (only full section sets were used as experimental mice). The Olfr160 (M72) glomerulus was identified as the green fluorescent protein (GFP)-labelled neuropil. DAPIstained and c-fos positive immunoreactive juxtaglomerular cells (c-fos + JG) were manually counted using ImageJ (http://imagej.nih.gov/ij/). Although technological advances have now identified heterogeneity in cell-type identification of many of the neurons in the lamina of the olfactory bulb as recently reviewed (Nagayama et al. 2014 ), we clustered c-fos + neurons within four cell widths from the glomerulus as our metric for activation of the defined glomerulus, a similar protocol described useful by (Loch et al. 2015) . Therefore, no determination of cellular subtype (Bywalez et al. 2017 ) was attempted on diet-challenged animals given the single goal to quantify and compare immediate-early gene activation of the network associated with the odor-activated, Olfr160 (M72) glomerulus vs. that of off target glomeruli. c-fos + JG cells that belonged to the glomerulus of interest at a maximum of 4 nuclei widths from the glomerular boundary were counted while cells outside this range were excluded (Loch et al. 2015) . The percentage of c-fos + JG cells was determined as the fraction of total DAPI-stained cells within the 4-nuclear radii surrounding the glomerulus and was expressed as the mean ± standard error of the mean (SEM).
Data analysis and statistics
Analyses were performed using Origin v8.0 (OriginLab Corporation, Northampton, MA) and GraphPad Prism 6.2 software (San Diego, CA). Data were reported as mean ± SEM. The alpha level for statistical significance was set at 0.05. Normality was determined by the Prism software using the D'Agostino-Pearson omnibus test to measure kurtosis and skewness. The majority of data sets were normally distributed and for these multiple comparison tests, a one-way analysis of variance (ANOVA) using diet as the factor was applied, followed by a Bonferroni post-hoc test. Percentage data were not normally distributed and for these multiple comparison tests, a Kruskal-Wallis was applied. IPGTT data were analyzed with a two-way ANOVA using both treatment (diet) and time as factors, followed by a Bonferroni post-hoc test.
Results
Induction of DIO
Prior to odorant exposure and mapping of c-fos expression, mice were examined for increased body weight and ability to clear a glucose challenge. A total of 75 male mice were used in all combined experiments of this study. Of the 72 experimental mice, 24 were maintained on control food (CF) diets while 48 were challenged with fatty diets (MHF = 19 mice and HF = 29 mice). Three mice were removed from the study because they developed dermatitis contributed from the fatty oils of the chow. Our studies were limited to male mice. Despite the fact that female mice could afford a good negative control (female mice do not gain a significant amount of weight or adiposity (Tucker et al. 2008 )), the 6 month duration of the diet prevented us from including females in our current study. As anticipated from previous studies using IRES-tau-LacZ lines (Thiebaud et al. 2014) , the M72-IRES-tauGFP mice weaned to modified fatty diets gained a significant amount of body weight compared to that of control chow ( Fig. 2a; one-way analysis of variance (ANOVA) using body weight as the factor, p < 0.0001, Bonferroni's post-hoc test). The fasting glucose was not significantly different between control and modified fatty diets, but when presented with a glucose challenge, the ability to clear glucose was significantly impaired for mice maintained on the MHF and HF diets ( Fig. 2b ; two-way repeated measure ANOVA using time and diet as factors, p < 0.0001, Bonferroni's post-hoc test). Mice challenged with the HF diet had an elevated plasma glucose level 20 min following the glucose injection whereas those fed a MHF diet were significantly elevated at 30 min (p < 0.01). The overall time for clearance of glucose determined through integration of the area under the curve (iAUC) method (Fig. 2b inset) was significantly greater in both the MHF-and HF-treated mice (one-way ANOVA using diet at the factor, p < 0.0001, Bonferroni's post-hoc test). These data indicated that the M72-IRES-tauGFP mice were an adequate model for pre-diabetes due to the significant increase in body weight and combined decreased efficiency in glucose clearance following induction of DIO.
Abundance of JG cells and glomerular volume in response to DIO
Induction of DIO reduces the cross-sectional size of both the medial and lateral glomerulus (Thiebaud et al. 2014 ) so we conjectured that there would be a concomitant decrease in the number of associated JG circumscribing each of these glomeruli. We therefore quantified the number of JG cells within a four cell radius of the M72 lateral and medial glomerulus as guided by dapi nuclear stain in association with GFP-labeled glomeruli (Fig. 3) . Contrary to our expectation, only the medial, but not the lateral glomerulus, contained a change in the abundance of associated JG cells ( Fig. 3a-b ; One-way ANOVA, p = 0.4136 lateral, p = 0.0009 medial). For the medial glomerulus, a Bonferroni's post-hoc test indicated that there was an effect for diet where the mice maintained on MHF diet had fewer JG cells associated with the M72 medial glomerulus than did those maintained on CF diet. A similar pattern was observed for JG cells associated with the M72 lateral glomerulus (trended to be fewer), but it did not reach statistical significance.
Odorant activation of c-fos expression in JG cells associated with the M72 glomerulus
OSN activation was mapped following odorant stimulation using c-fos labeling (Hu et al. 1994) . The immediate-early gene C-fos is rapidly and transiently activated in which the strength of the odor or sensory perception could be correlated to the degree of transcription. It would enable a spatial map through which to visualize any altered activity pattern (Schaefer et al. 2002 ) that might arise upon olfactory stimulation, which was attributed to the DIO state. The level of odorevoked c-fos protein induction in the MOE was not great enough to consistently resolve a signal above clean air basal levels even in CF treated control cohorts (data not shown), therefore we alternatively quantified expression in the olfactory bulb, for which inducible c-fos protein levels are known to be adequate for strong antigenicity of the primary antibody (Oliva et al. 2008; Loch et al. 2015) . Photomicrographic images were acquired for mice stimulated with clean air only (Fig. 4a ) in comparison to those stimulated with isopropyl tiglate (Fig. 4b) . For both the lateral and medial M72 glomerulus, there was an effect of odor stimulus ( Fig. 4c, d ; two-way ANOVA, Tukey's post-hoc test with odor stimulation as the factor; lateral p = 0.0057; medial p = 0.0306) and the post-hoc test indicated a significant increase in c-fos activation following odor stimulation over that of clean air for animals that were maintained on CF diet (lateral p < 0.01; medial p < 0.05). Mice that were maintained on MHF or HF diets Data represent mean ± SEM with sample sizes as number of mice. Analyzed factors, F value, degrees of freedom, number of measurements, and p value as noted (****p < 0.0001, ***p < 0.001, **p < 0.01). One-way analysis of variance (ANOVA) using diet as the factor, ****p < 0.0001, followed by a Bonferroni's post-hoc test (a); two-way repeated measure ANOVA using time and diet as factors,****p < 0.0001, followed by a Bonferroni's posthoc test (b); one-way ANOVA using diet at the factor, ****p < 0.0001, followed by a Bonferroni's post-hoc test (b, inset) failed to show an increase in c-fos activation following odor stimulation over that of clean air. For the lateral but not the medial M72 glomerulus, there was an effect of diet ( Fig. 4c, d ; two-way ANOVA, Tukey's post-hoc test with diet as the factor; lateral p = 0.0068; medial p = 0.2396). Mice maintained on fatty diets exhibited a decrease in the percent of c-fospositive JG cells around the M72 lateral glomerulus following odor stimulation compared with that of CF-diet treated animals. The loss was progressive, increasing between the MHFand HF-diet. When the percent of odor-activated, c-fospositive JG neurons were normalized to the level of activation observed in clean air (Fig. 4e) it was apparent that the JG neurons surrounding the lateral glomerulus exhibited a loss of activity that was diet dependent whereas those surrounding the medial glomerulus were relatively diet insensitive. Collectively these data indicate that diet affects neuronal excitability as determined via immediate-early gene activation of JG cells surrounding the lateral M72 glomerulus when stimulated with its preferred odor ligand.
Discussion
Despite the fact that mice lose olfactory ability and structure when maintained on fatty diets, less is known regarding the function of the remaining glomeruli and correlate neuronal excitability in the obese mouse. Our data indicate that dietinduced obesity, which leads to poor glucose clearance, does not significantly alter the abundance of JG cells surrounding an identified glomerulus. However, neuronal excitability is significantly increased when CF-fed mice are stimulated by a preferred odorant, but is not, if animals are maintained on fatty diets. Odor-stimulated mice are sensitive to increased dietary fat and lose neuronal excitability of interneurons surrounding the lateral but not medial glomerulus. Lodovichi et al. (2003) explored an intrabulbar circuitry that reciprocally connected isofunctional odor columns on the medial and lateral sides of the olfactory bulb (Lodovichi et al. 2003) . They hypothesized that the odor columns functioned for olfactory contrast enhancement via the formation of inhibitory surrounds of the mitral/tufted cells. Our immediateearly gene activation results suggest that there is differential sensitivity to fatty diets across the lateral versus medial glomerulus. OSNs in the nasal septum usually innervate the medial glomeruli, while the OSNs in the turbinates target the lateral glomeruli. Previously we observed a loss of OSNs in response to DIO, but did not distinguish which population of OSNs were projecting to the lateral vs. medial glomerulus only that they were derived from MOR28-or M72-projecting OSNs or were OMP+ (Thiebaud et al. 2014 ). There may be inherent differences in how these two populations of OSNs respond to DIO. Interestingly, Restrepo and colleagues noted that the 'two mirror image' glomerular maps for the P2 glomeruli demonstrated neuroanatomical and functional asymmetry (Oliva et al. 2008) . The JG neurons surrounding the lateral glomerulus had a higher proportion of tyrosine hydroxylase labeling than those surrounding the medial glomerulus and had higher responsivity to volatile odorants. They found that the lateral glomerulus had greater c-fos activation in response to odorant stimulation (urine) than that of the medial glomerulus. If the dual map in olfaction allows contrasting differential input as an additional source of coding information to the olfactory bulb (Lodovichi et al. 2003) , then DIO could bring an imbalance with the loss of sensitivity of the lateral glomerulus. It is also known that intrabulbar connections can modulate mitral/tufted cell receptive fields and that JG cells receive input from these neurons. DIO dampens the excitability of mitral/tufted cells and their sensitivity to neuromodulation (Fadool et al. 2011 ) so it would not be surprising that JG cells exhibited a reduced c-fos activation. Why Fig. 2 . Sample size is the number of glomeruli sampled as up to 2 per mouse. Middle line is the mean ± SEM. One-way ANOVA using diet as factor, p = 0.4136 lateral, NS = not significantly different (a); One-way ANOVA using diet as factor, **p < 0.01 medial, followed by a Bonferroni's post-hoc, *p < 0.05 Fig. 4 Odor-evoked c-fos activation in the juxtaglomerular cells surrounding the lateral but not the medial M72 glomerulus is sensitive to a challenge of dietary fat in M72-IRES-tau-GFP mice. Photomicroscopic images of the M72 glomerulus in M72-IRES-tau-GFP mice (gfp; green) surrounded by their associated juxtaglomerular cells (dapi nuclear stain; blue), some of which demonstrate c-fos immediate-early gene activation (arrows; red) in response to (a) clean-air stimulation or (b) isopropyl tiglate stimulation. Top rows, or i -iii and vii -ix = lateral glomeruli. Bottom rows, or iv -vi and x-xii = medial glomeruli. Left column, or i, iv, vii, and x = CF. Middle column, or ii, v, vii, and xi = MHF. Right column, or iii, vi, viii, and Fig. 2 . Two-way analysis of variance (ANOVA) using diet and odor stimulation as factors followed by a Bonferroni's posthoc test, **p < 0.01, ***p < 0.001 (a); Two-way analysis of variance (ANOVA) using diet and odor stimulation as factors followed by a Bonferroni's post-hoc test, *p < 0.05, NS = not significantly different (b) it was specifically lateral vs. medial, however, is not understood. It has been suggested that mirror image, symmetrical activation of glomerular maps is more consistently found through stimulation with single odorant molecules as opposed to that of complex odorants or mixtures (Schaefer et al. 2002; Xu et al. 2000) . It would be interesting in this regard to systematically examine how DIO might disrupt varying odorant qualities, especially given the chromatographic nature of the epithelium (Mozell 1970) .
There is a linear correlation between the number of OSNs expressing a defined OR gene and the volume of the targeted olfactory glomerulus (Bressel et al. 2016 ). Mombaerts and colleagues derived a linear correlation for 15 OR-IRESdesigned mice strains (including M72IREStauGFP) so that volume of the glomerulus could be a surrogate for the number of OSNs sending genetically-identified axonal projections to that glomerulus. Because we know that DIO causes a loss of OSNs and a concomitant loss of glomerular cross-sectional area (Thiebaud et al. 2014) , we were surprised to find no change in JG abundance surrounding the M72-glomerulus. Reduced-sized glomeruli following DIO, would have to support an increased density of JG cells in order for there not to be a change in abundance around the smaller structure in mice maintained on the fatty diets. Loss of OSNs attributed to DIO may thereby be resculpting the olfactory bulb as a compensatory mechanism. This idea of normalization was recently brought forth by Roland et al. 2016 who suggest a means by which a substantially degraded odor input (in our case, loss of OSNs) can still be transformed for meaningful OB output. This would be consistent with our finding that mice made obese through fatty diet have a decreased odorant discrimination but are able to detect odors Thiebaud et al. 2014) . If our observed decrease in number of c-fosactivated JCs was correlated to the reduction in OSNs following a MHF challenge (Thiebaud et al. 2014) , then it could be extrapolated that fatty diets could additionally impact the intrinsic excitability of other neuronal populations in the olfactory system. In previous studies, we found that mitral cells exhibited a change in basal AP firing frequency and decreased sensitivity to insulin after the mice were challenged with a MHF diet (Fadool et al. 2011) . In other brain areas, such as the hippocampus or the hypothalamus, it has been demonstrated that fat-enriched diets elicit a significant reduction in neuronal excitability (Pancani et al. 2013; Underwood and Lucien 2016; Paeger et al. 2017) . For example, pro-opiomelanocortin (POMC)-expressing neurons in the arcuate nucleus of the hypothalamus have been found to have a drastic reduction in spontaneous spiking activity and an increased spike adaptation in mice fed with high-fat diets (Paeger et al. 2017) . The modifications in spiking properties of POMC-neurons have been linked to the alteration in intracellular Ca 2+ handling properties. Interestingly, in the same animals, a decrease in mitochondrial Ca 2+ stores of POMC-neurons was reported.
These observations are in line with a recent study from our laboratory showing an alteration of the morphology of mitochondria in the olfactory bulb following MHF diet in mice (Kovach et al. 2016) . Such alteration could lead to a modification of the intrinsic excitability of the neurons in the olfactory bulb given the high requirement of energy known to support AP firing (Nawroth et al. 2007 ).
There are a number of computational models and experimental reports that try to define the physiological role of inhibitory circuits in controlling mitral cell spiking, as the principle output neuron of the olfactory bulb (Cleland and Linster 2005; Arevian et al. 2008; Cleland and Linster 2012; Arruda et al. 2013 ). Not only are there morphologically distinct subclasses of JG cells forming these inhibitory circuits -PG cells, ET cells and sSA cells (Nagayama et al. 2014) , there is also further heterogeneity within the subclasses. Our study did not incorporate a distinction across JG cells, only quantifying immediate early-gene activity within a 4-cell thick location around the circumference of the glomerulus. The most numerous JG cells are GABAergic periglomerular cells or PGCs (Parrish-Aungst et al. 2007 ) that largely project their dendrites into one, or at most, two glomeruli, yet another large subgroup are both dopaminergic and GABAergic (named JGCs) and have innervation that is multiglomerular in nature (Kiyokage et al. 2010) . There is also a difficult distinction between juxtaglomerular and intraglomerular neuropil or 'shells' first noted by Pinching and Powell (1971) , nonetheless we attempted to make our quantifications standard regardless of dietary treatment. Future experiments could seek subtype identification of the c-fos positive neurons as greater functional and anatomical distinctions between JG cells are refined, for example, see Bywalez et al. (2017) . A final interpretation is that c-fos activation could be induced in astrocytes that surround the glomerulus, which have recently been reported to have an expansion of their processes in response to fasting (Daumas-Meyer et al. 2018) . Although our studies did not employ fasting, rather a modified diet, further study would be required to determine if such a diet-induced astrocytic mechanism were at play. C-fos activation of astrocytes via glutamate signaling is not well understood, can result from by proliferation or development rather than depolarization, and novel routes of activation have been reported (Hisanaga et al. 1994; Edling et al. 2007; Adamsky et al. 2018 ).
In conclusion, we have demonstrated that DIO causes deleterious effects on OSN survival that extends to a reduced neuronal activity of JG cells surrounding the geneticallyidentified glomerulus for that class of ORs. In the process, we have identified an asymmetry in the responsiveness of the 'mirror image' glomerular map for the M72 receptor that shows greater sensitivity of the lateral vs. medial glomerulus towards fatty diets.
